Memory is one of the key features of adaptive immunity. Memory T and B lymphocytes react faster than naïve lymphocytes to stimulation by their cognate antigen (1, 2) .
Memory T lymphocytes also memorize the expression of effector molecules like cytokines, which they had been instructed to express during their primary activation. Naïve T helper (Th) lymphocytes are instructed to express particular cytokine genes by T cell antigen receptor (TcR) signals in combination with additional differentiation signals (3) . The instructive signal interleukin (IL)-4 induces differentiation of activated naïve Th cells into Th2 cells, expressing IL-4, IL-5 and IL-13, whereas the instructive signal IL-12 induces activated naive Th cells to express interferon-gamma (IFN ) and tumor necrosis factor-(TNF-) (4). The expression of cytokine genes is transient. Upon restimulation by antigen, memory Th lymphocytes can reexpress specifically those cytokine genes they had been instructed to express in the primary stimulation, independent of the original instructive signals (5) .
Apparently, the cytokine memory of Th lymphocytes is based on two critical molecular events, the expression of lineage specific transcription factors and the epigenetic modification of cytokine gene loci (5) (6) (7) . GATA-3 is a critical transcription factor for expression of the Th2 cytokine genes il4, il5, and il13 (8) . Ectopic expression of GATA-3 in activated Th cells induces expression of these cytokine genes, even in Th1 cells (8) (9) (10) . The expression of GATA-3 is drastically upregulated in Th2 cells. This upregulation can be induced by activated Stat6, resulting from IL-4 receptor signaling, and by GATA-3 itself, in an autoregulatory loop (9, 11) . Potential target binding sequences for GATA transcription factors have been identified in the promoter of the il5 (12) and the il13 gene (10, 13) , in the il4/il13 intergenic conserved noncoding sequence, CNS-1 (14) and in the enhancer of the second intron of the il4 gene (15) . For the 3´ enhancer (DNase I hypersensitive site V A ) of the il4 gene and for a region upstream of the il13 gene (conserved GATA-3 response element, CGRE), GATA-3 binding has been demonstrated in vivo, by chromatin immunoprecipitation (ChIP) (16, 17) . Another GATA-3 binding site is located in the locus control region (LCR) of the Th2 cytokine gene cluster (18) . Involvement of any of these GATA-3 binding sites in the establishment and maintenance of memory for IL-4 expression in Th2 cells has not been demonstrated so far. Conditional inactivation of gata3 in Th2 memory lymphocytes reduces the frequencies of cells reexpressing Il-4, IL-5, IL-13 and IL-10, demonstrating that sustained expression of GATA-3 is involved in the maintenance of Th2 cytokine memory (19) (20) (21) . In established, four times restimulated Th2 cells, however, upon deletion of gata3 many cells continue to reexpress IL-4 upon restimulation, indicating that a redundant mechanism may have taken over, such as epigenetic modification of the il4 gene or its essential control elements (21) .
In the process of Th2 cell development, the il4 gene becomes demethylated, its chromatin acetylated (22) (23) (24) (25) (26) (27) , and it remains euchromatic, while it is translocated to heterochromatin in polarized Th1 cells (28) . Results of pharmacological interference with DNA demethylation and histone acetylation during polarization of activated naïve Th cells suggest that these epigenetic changes are relevant for the induction and maintenance of cytokine memory (22) . Inactivation of the DNA methyltransferase dnmt1 leads to expression of IL-4 in CD4 and CD8 T cells (29) . Inhibition of DNA synthesis during the initial polarizing activation of naïve Th cells inhibits the development of a cytokine memory for IL-4 (22, 30, 31) . Since demethylation is considered to be dependent on DNA synthesis (32) , this result supports a functional relevance of demethylation of the il4 gene for the establishment of an IL-4 cytokine memory. GATA-3 is apparently able to induce chromatin remodeling of the il4 gene locus on its own. Overexpression of GATA-3 in Th cells induces the appearance of the Th2-specific DNase I hypersensitive sites II, III and V of the il4 gene and the hyperacetylation of the il4 locus (9, 20, 27) . Conditional inactivation of the gata-3 gene leads to decreased histone acetylation and increased DNA-methylation of the il4 locus (20) . GATA-3 may directly interfere with histoneacetylation and DNA-methylation. It has been shown that GATA-3 inhibits binding of the methyl-CpG binding-domain protein-2 (MBD2), to the second intron of the il4 gene and to CNS-1, and thus the recruitment of a silencing complex (33) .
Here, we describe a phylogenetically conserved GATA-3 binding element of the first intron of the il4 gene. This element is initially and specifically demethylated in activated, Th2-polarized cells expressing IL-4, and it is required to maintain the memory for IL-4 expression in early Th2 memory cells. wt /il4 gfp heterozygous mice were stained with FITC-conjugated antibodies to B220 (RA3-6B2), I-A b (AF6-120.1) and CD8 (53-6.7) and negatively selected using anti-FITC-coated magnetic beads. CD4-enriched cells were layered onto a discontinuous Percoll gradient and small cells of high density were collected. Cell culture -DO11.10 cell cultures were set up with 2 x 10 6 cells/ml in complete RPMI 1640 supplemented with 10% fetal bovine serum, 100 U/ml penicillin, 0.1 mg/ml streptomycin, 0.3 mg/ml glutamine, and 10 M 2-ME. The antigenic peptide OVA 323-339 was added at 0.5 M. CD4-, CD8-, CD90-depleted spleen cells 3 from DO11.10 mice were used as antigenpresenting cells (APC). For Th1 differentiation, the cells were stimulated in the presence of 10 ng/ml recombinant IL-12 (R&D Systems) and 5 g/ml of anti-IL-4 (11B11). For Th2 differentiation, cells were cultured in the presence of 30 ng/ml IL-4 (culture supernatant of murine myeloma cell line P3-X63 Ag.8.653 transfected with murine IL-4 cDNA), 5 g/ml anti-IL-12 (C17.8.6) and 5 g/ml of anti-IFN-(AN18. 17.24) .
MATERIAL AND METHODS

Mice
APC for the il4 wt /il4 gfp cells were generated from splenocytes treated with antiThy1.2 (H013.4) antibody plus Low-Tox M rabbit complement for 45 min at 37°C. For Th2 priming, naïve CD4 + il4 wt /il4 gfp T cells (10 5 /ml) were cultured with 10 6 /ml irradiated (3,000 rad) APC plus 3 g/ml anti-CD3 (2C11), 3 g/ml anti-CD28 (37.51), 1,000 U/ml IL-4, 10 g/ml anti-IL-12 (C17.8), 10 g/ml anti-IFN (XMG1.2), 100 ng/ml IL-6 and 10 U/ml rhIL-2.
For the experiment described in Table I , CD4+ T cells from lymph nodes of il4 wt /il4 gfp B6;129 mice were primed for 3 days with T celldepleted spleen cells as APCs under Th2 polarizing conditions (anti-CD3 (3 g/ml), anti-CD28 (3 g/ml), IL-4 (1,000 U/ml), hIL-2 (10 U/ml), anti-IFN (10 g/ml), anti-IL-12 (10 g/ml)). When tested, 16.2 % of the cells were IL-4+ and 9.94 % were GFP+. The cells were then recultured in the presence of APCs, anti-CD3, anti-CD28, hIL-2 (10 U/ml), anti-IFN (10 g/ml) and anti-IL-12 (10 g/ml). In 3 groups various amounts of IL-4 were added (100 U/ml, 1,000 U/ml and 10,000 U/ml) and in 3 groups anti-IL-4 (20 g/ml), anti-IL-4 receptor (20 g/ml) or both were used. The reexpression of IL-4 and GFP was analyzed by flow cytometry. Sorting of live IL-4 secreting cells with the cytometric cytokine secretion assay -Primed Ova-specific Th2 cells were restimulated after 1 week with PMA (50ng/ml) and Ionomycin (1 g/ml) for 3.5 hours at 37°C. The IL-4 secretion assay was performed as described before (34) . The purity of the IL-4 + cells was 95 %, of the IL-4 -cells >99 %.
Isolation of IL-4+/GFP+ cells -The il4
wt /il4 gfp T cells, primed for 67 hours under Th2 conditions, were restimulated with immobilized anti-CD3/anti-CD28 for 3.5 hours at 37°C and 6% CO 2 and sorted for IL-4 secretion (34). The sorted IL-4 + (>99%) cells were put back in complete RPMI medium on plates coated with immobilized anti-CD3 and anti-CD28 for additional 17 hours. The cells were then stained with APC-anti-CD4 and sorted for GFP expression using a FACStar. The purity of the IL-4 + /GFP + cells was >98%. These cells were then cultured again for 11 days in complete RPMI medium either in the presence of IL-4 (1,000 U/ml) or in the presence of anti-IL-4 antibody (10 g/ml; 11B11). The cells were challenged with immobilized anti-CD3/anti-CD28 and rhIL-2 (10 U/ml). IL-4 expression was detected by intracellular staining at 6 hr, GFP expression in living cells was assessed at 24 hr. Methylation sensitive endonuclease restriction analysis -The genomic DNA was prepared from sorted naive CD4 + CD62L high DO11.10 splenocytes and from 1 week Th1-or Th2-polarized DO11.10 T cells by phenol/ chloroform extraction and digested with HindIII or EcoRI followed by ethanol precipitation and digestion with MspI or HpaII. The DNA was then subjected to agarose gel electrophoresis, transferred to a nylon membrane and UV crosslinked.
The probes were generated by PCR amplification using the following primers: 5´probe: TCAAGGATCCACACGGTGCAA and ACCGTATCAAGCAAGGCCAGGTAG, 3´probe: TAAAGAACTGTAGTAGGGATAGGA and CTTAGCCAGATATGGCACTAGA.
The PCR product for the 3´probe was digested with EcoRI and the 3´ fragment was used as probe. The probes were 32 P labeled by using the Hexa Label DNA Labeling Kit (MBI Fermentas). The nylon membranes were prehybridized with mouse COT-1 DNA (Gibco) and hybridized in Church buffer (7% SDS, 0,5 M NaPO 4 ph 7,2, 1 mM EDTA) overnight by 65°C. The membranes were washed 3 times with church washing buffer (5,8 mM NaH 2 PO 4 , 19,2 mM Na 2 HPO 4 , 1% SDS) at 65°C.
Bisulfite based cytosine methylation analysis -
The bisulfite based methylation analysis was performed as described before (35) . Briefly, the isolated genomic DNA was digested with KpnI and then denatured at 100°C for 5 minutes. NaOH was added to the DNA at a final concentration of 0,3 M and incubated for 15 min at 50°C. The DNA solution was mixed with 2 vol of 2 % (w/v) hot LMP agarose (SeaPlaque Agarose, FMC) dissolved in H 2 O. To form DNA/agarose beads droplets of the mixture containing not more than 100 ng DNA was pipetted in ice-cold mineral oil overlaying the sodium bisulfite/hydroquinone solution. The bisulfite reaction was performed 3.5 hours at 50°C. Afterwards the beads were washed in TE buffer and incubated 2x 15 min in 0.2 M NaOH. 50-100 ng of sample were amplified by nested PCR, each with 25 cycles consisted of 1 min at 95°C, 1,5 min at 58°C, 1,5 min at 72°C, using the following primers: il4 promoter region: 5´-TATTTTTGGGTTAATGAGATGGT; 5´-GTTTGTGAGTTTGAGTTTAAGGATT; 5´-TTTTTAAATCTACAAAATTTCAACATAAA. il4 intron1 region: 5´-GATTTTTGTTAGTATTGTATTGTTAGT; 5´-CCTCCAAAATATACCACAACAAAC; 5`-GTTATTGATGGGTTTTAATTTTTAGTTAG; 5´-AAACCCCTCAAATCCACTTACCT. il4 intron3 region: 5´-AGTTATTGATAGATAATGTTAGTTTTGTG T; 5´-ATAATACTCTTTAAACTTTCCAAAAAATC; 5´-TGAATGATTGGAGGAGTTGAGATT; 5´-TTAAACTCATTCATAATACAACTTATC.
The gel purified (Qiagen) PCR-products were ligated into a TA cloning vector (Promega) and individual clones were sequenced. Nuclear extracts and DNA binding assaysNuclear extracts were made as described (12) . DNA binding reactions were performed 15 minutes at room temperature in 20-25 l binding buffer (10 mM HEPES (pH7,9), 100 mM KCl, 1mM EDTA, 1mM DTT, 10% glycerol, proteinase inhibitors) containing 8-10 nM radiolabeled oligonucleotides, 5-10 g nuclear extract and 50 g/ml poly(dI:dC). When indicated, 1 M of unlabeled oligonucleotide was added as competitor. Antibodies directed against GATA-3 (HG3-31) and c-Maf (M-153) were purchased from Santa Cruz Biotechnologies. Complexes were separated in a 4% polyacrylamide gel for 2-3 hrs at 4°C and 200 V. The following oligonucleotides and competitor sequences were used: il4 CIRE WT:
5´-AGTACCTATCTGGCACCATCTCTCCAGAT; il4 mut1: 5´-AGTACCctagTGGCACCATCTCTCCAGAT; il4 mut2: 5´-AGTctgaATCTGGCACCATCTCTCCAGAT; il4 mut3: 5´-tacgCCTATCTGGCACCATCTCTCCAGAT; il4 mut4: 5´-AGTACCTATagctCACCATCTCTCCAGAT;
5´-ATTAGGTGTCCTCTATCTatgcGTTAGCA Chromatin immunoprecipitation assay -ChIP analysis was performed according to the manufactures protocol (Upstate Biotechnology). Th1 and Th2 cells were fixed with 1% formaldehyde for 10 minutes at room temperature. The chromatin was sheared to 200-1000 bp of length by sonication with 5 pulses of 10 seconds at 30 % power (Bandelin). For the acetyl-H3 ChIP, the sheared chromatin was precleared by the incubation with Protein Aagarose beads and incubated with anti-acetyl-H3 antibodies (Upstate Biotechnology) o.n. by 4°C, followed by incubation with Protein A-agarose beads for 1 h. In case of the GATA-3 ChIP, the chromatin was precleared for 2 h with normal mouse IgG beads and then incubated with anti-GATA-3 agarose beads (HG3-31, Santa Cruz) for 2 h. For the acetyl-H4 ChIP the MACSSystem was used (Miltenyi Biotec). The chromatin was precleared with Protein AMicroBeads (Miltenyi Biotec) and incubated with anti-acetyl-H4 (Upstate Biotechnology) o.n., followed by incubation with Protein AMicroBeads for 1 h. Washing steps were performed on columns (Miltenyi Biotec). Washing and elution buffers were used according to the protocol of Upstate Biotechnology. Cross-links were reversed by incubation at 65°C for 4 h in the presence of 0.2M NaCl and the DNA was purified by phenol/chloroform extraction. 
RESULTS
Demethylation is restricted to the 5´end of the il4 gene in Th2 cells
Demethylation of the il4 gene of in vitro generated Th1 and Th2 cells was analyzed by methylation-sensitive MspI/HpaII restriction endonuclease analysis of HindIII or EcoRI digested genomic DNA.
With a probe corresponding to positions -845 to +309 relative to the first codon of the il4 gene (GenBank accession number AC084392.1), HindIII digested DNA was analyzed for methylation of the 8 MspI/HpaII sites of the 5´ part of the murine il4 gene, ranging from the promoter to the 3 rd exon (Fig. 1) . Of the MspIsites A to H, most il4 alleles of Th1 cells show no demethylation at all, i.e they are not cut by HpaII, with some being demethylated at sites G/H and/or at sites C/D. In particular, the il4 genes of Th1 cells are not detectably demethylated at site B, located in the first intron.
In Th2 cells, most il4 genes are demethylated at least at one MspI site. Many il4 genes are demethylated already at sites C/D and/or site B. These genes may also be demethylated at sites G/H, but this cannot be detected with the probe used. Many of the il4 genes which are not demethylated at sites B to D, are demethylated at sites G/H. Demethylation at the sites E and F was not detectable in Th1 or in Th2 cells. It remains unclear whether site A is demethylated in any of the il4 genes analyzed, because site A is only 47 bp downstream of the 5´ HindIII site. Taken together, and confirming the results of Lee and colleagues (25) , demethylation at sites C/D is enhanced and site B is selectively demethylated in 1 week polarized Th2, as compared to 1week polarized Th1 cells.
Methylation of the MspI sites I to K at the 3´end of the il4 gene was analyzed with a probe hybridizing to intron 3 of the il4 gene (+3300 to +4261; Fig.1B ). Neither in naïve T cells, isolated ex vivo, nor in Th1 or Th2 cells generated in vitro, any of the MspI sites I to K are detectably demethylated, i.e. demethylation of the il4 gene in 1 week Th2 cells is restricted to the 5' end.
Specific demethylation of the first intron of the il4 gene in Th2 cells
As shown here and by Lee et al. (25) , the most obvious difference in methylation of the il4 genes of early polarized Th1 and Th2 cells is the specific demethylation of HpaII site B in the first intron of the il4 genes of Th2 cells. To obtain a more detailed picture of demethylation of the first intron of the il4 gene, we analyzed individual il4 genes isolated from naïve Th cells, Th1 and Th2 cells, by bisulfite-based genomic sequencing. In addition, the il4 promoter and a CpG rich region in the 3 rd intron of the il4 gene was analyzed (Fig.2) .
The sequence +5562 to +5979 located in the 3 rd intron of the il4 gene, including MspI/HpaII site J (+5600), shows essentially no demethylation of CpGs for any of the il4 genes analyzed, be they derived from naïve Th cells, Th1 or Th2 cells. The promoter region (-861 to -268, Fig. 2) , including MspI site A (-814), is partially demethylated in some il4 genes of naïve T cells, starting at position -408. In Th1 cells, demethylation of the il4 promoter is similar as in naïve T cells, whereas in Th2 cells demethylation of this region is strongly enhanced. The il4 promoter is also demethylated in Th2 cells that do not express IL-4 after restimulation.
The sequence analyzed downstream of the il4 promoter (-7 to +458, Fig. 2 
A conserved element in the first intron of the il4 gene (CIRE)
Analysis of DNA methylation had suggested that the il4 genes of Th2 lymphocytes memorizing IL-4 expression are specifically demethylated between CpG +101 and CpG +229 . Comparing the orthologous sequences available from man, mouse, rat, cow and rabbit reveals a stretch of 17 bp of complete homology between positions +140 and +157 of the murine il4 gene (Fig. 3) . This 17 bp long, phylogenetically conserved intron sequence in the center of a region of Th2-specific initial demethylation of the il4 gene includes a GATA-and a GATG-quadruplet on the non-coding strand, separated by 6 conserved base pairs.
The ability of the phylogenetically conserved intron 1 sequence of il4 (CIRE: conserved intronic regulatory element) to bind proteins of nuclear extracts from Th1 and Th2 cells, in particular GATA-3, was tested by electrophoretic mobility shift and supershift assays (EMSA), and compared to the promoter of the il5 gene, which contains a well defined GATA-3 binding site (12, 36, 37) (Fig. 4) .
Nuclear extracts of Th1 cells do not contain proteins binding to the CIRE of il4 (lanes 1 to 3), but do contain proteins that bind to the promoter of the il5 gene (lane 7). However, these proteins do not include GATA-3 (lane 8). Nuclear extracts of Th2 cells contain additional proteins binding to the promoter of il5 (lane 9) and they also contain proteins binding to the CIRE of il4 (lane 4). Both complexes, the CIRE/Th2-protein (lane 4) and the il5 promoter/Th2-protein complex (lane 9) have the same mobility and can be supershifted with a specific antibody to GATA-3 (lanes 5 and 10), but not with an antibody to c-maf, another Th2 specific transcription factor, used here as control (lanes 6 and 11). This shows that GATA-3 from nuclear extracts of Th2 cells can bind to the CIRE of the il4 gene, as well as to the promoter of il5.
Structural conservation of the CIRE is required for GATA-3 binding
Structural conservation of the CIRE of il4 in evolution is required for GATA-3 binding, as is evident from competition analysis with mutated oligonucleotides (Fig. 5A) . Binding of the nuclear proteins of Th2 cells to the labeled CIRE oligonucleotide is inhibited by a 100-fold molar excess of unlabeled wild type CIRE oligonucleotide (Fig. 5A, lane 2) or oligonucleotides mutated at sequences outside of the two GATA-binding sites (Fig. 5A , lanes 5, 7, 10 and 11). Oligonucleotides with mutations of any of the two GATA-binding sites are not able to inhibit binding of GATA-3 to the wild type CIRE oligonucleotide (Fig. 5A, lanes 3, 4, 6, 8  and 9 ), i.e. the CIRE of il4 requires both GATAbinding sites for efficient binding of GATA-3. This is also the case for binding of GATA-3 to its target sequences in the il5 promoter, although orientation and distance of the il5 promoter GATA-binding sites differ from those of CIRE (Fig.5A, lanes 14 and 15) .
The sequence of the 6 base pairs separating the two GATA-binding sites of the CIRE does not seem to be important for binding of Th2 cell derived nuclear proteins to CIRE (Fig. 5A, lane 7) . The 6 base pairs apparently just maintain a distinct distance between the two GATA-motifs. A mutant CIRE with 12 instead of 6 nucleotides separating the GATA-binding motifs can no longer inhibit binding of GATA-3 to the CIRE efficiently (Fig. 5B, lane 3) . And a mutant with inverted 3´ GATA-binding motif cannot either inhibit binding of CIRE to nuclear proteins of Th2 cells (Fig. 5B, lane 4) . Thus, GATA-3 binds to CIRE in a position-and orientation-dependent manner.
GATA-3 binds to the CIRE in Th2 lymphocytes in vivo
Binding of GATA-3 to the CIRE in vivo was analyzed by chromatin immunoprecipitation (ChIP). Th cells were stimulated for 1 week under Th1 or Th2 conditions and IL-4 expressing Th2 cells were isolated by the cytokine-secretion assay and magnetic cell sorting. The complexed chromatin fragments of these cells were precipitated with anti-GATA-3 antibody. The precipitated DNA was analyzed in real-time PCR with primers specific for CIRE or DNase hypersensitive site V A of the il4 gene. GATA-3 binds to HS V A of restimulated Th2, but not Th1 cells, confirming earlier results (16) . The binding is more frequent in IL-4 secreting than in nonsecreting Th2 cells (2.5-fold) (Fig. 6A) . In Th2, but not in Th1 cells, anti-GATA-3 antibodies precipitate chromatin containing the CIRE region. The binding of GATA-3 to CIRE correlates with the ability of the Th2 cells to secrete IL-4. About 6 times more CIRE is precipitated in IL-4 secreting versus IL-4 nonsecreting Th2 cells. This difference is not due to differential availability of GATA-3, since GATA-3 protein levels are the same in IL-4 secreting and non-secreting Th2 cells (supplemental Figure A) .
In Th2 cells, not only GATA-3 is bound to the CIRE, the chromatin is acetylated as well, as is evident from precipitation with an antibody to acetylated histone H3 (Fig. 6B) . Chromatin acetylation is also evident for il4 HS V A in Th2 but not Th1 cells, and for the promoter of ifn-in Th1, but not Th2 cells (Fig. 6B) , confirming earlier reports (26, 27) .
Memory for expression of IL-4 is impaired by deletion of the CIRE of il4
To determine the functional relevance of the CIRE of il4 for reexpression of IL-4, Th cells were analyzed, in which one of the il4 alleles had been subject to targeted integration of the gene for green fluorescent protein (gfp) (34) . In this allele, il4 gfp , the gfp gene replaces the first exon (131 base pairs) and 178 base pairs of the first intron of the il4 gene, including the CIRE of il4 (Fig. 7A) . Within the 309 bp deleted in the il4 gfp allele, apart from CIRE no other evolutionary conserved sequences with putative transcription factor binding sites are located according to DiAlign TF (Genomatix) scanning. Heterozygous il4 wt /il4 gfp resting Th cells were activated under Th2-polarizing conditions for 3 days, and then restimulated with immobilized anti-CD3 and anti-CD28 for 3.5 h. Cells expressing both il4 alleles, i.e. secreting IL-4 and expressing intracellular GFP, were isolated by combined magnetic and fluorescence-activated cell sorting, after labeling of viable IL-4 secreting cells in the cytometric cytokine secretion assay (9, 34) . The sorted cells were maintained in culture for another 12 days in medium containing either IL-4 or anti-IL-4 antibodies. After a further restimulation with immobilized anti-CD3 and anti-CD28, the frequencies of cells expressing GFP and/or IL-4 were determined (Fig. 7B) . Expression of the il4 wt allele was independent of whether the cells had been cultured in the presence or absence of IL-4 (26.6% and 24.8%, respectively). The il4 gfp allele, however, was expressed by 30.9% of the cells, when they had been cultured in the presence of IL-4, but only by 9.1% of the cells, when they had been cultured in the absence of IL-4.
In a second experimental approach, Th2-polarized cells were restimulated in the presence of various amounts of IL-4, or anti-IL-4 or anti-IL-4 receptor antibodies, or both. While the frequencies of cells expressing the il4 wt allele were not significantly different in cultures with or without IL-4, the frequencies of cells expressing the il4 gfp allele were significantly reduced by 60%, when comparing cultures restimulated in the presence or absence of IL-4 (Table I) . Thus, deletion of the phylogenetically conserved GATA-binding site CIRE of il4 impairs memory for IL-4 expression in early Th2 lymphocytes, in that reexpression of il4 upon TcR signaling still requires costimulatory signaling from the IL-4 receptor, like in the initial, polarizing stimulation.
Acetylation of histones of the 5´ end of the il4 gfp allele is significantly less prominent than for the il4 wt allele (Figure 7C ), in heterozygous Th2 cells activated under polarizing conditions for 1 week.
Thus, acetylation of the 5´ end of the il4 gene, indicating epigenetic "opening" of the gene, correlates to the presence of the CIRE of il4.
DISCUSSION
As is shown here, the first intron of the il4 gene contains a 17 bp long phylogenetically conserved intronic regulatory element (CIRE) with two GATA-3 binding sites. The neighboring sequences are rapidly and specifically demethylated and histone-acetylated in naïve Th lymphocytes induced to express the il4 gene.
Deletion of CIRE reduces the frequencies of 1 week old Th2 cells reexpressing IL-4 upon TcR stimulation in the absence of exogenous IL-4 by about 60%, as compared to cells restimulated in the presence of IL-4, indicating a defect in the development and early maintenance of memory for IL-4 expression. Loss of CIRE also leads to reduced histone acetylation at the 5´ end of the il4 gene. CIRE links the initial epigenetic modification of the il4 gene to GATA-3, the key transcription factor of Th2 lymphocytes, and serves as a genetic control element for early establishment of a memory for expression of IL-4 in Th2 cells. Interestingly, the defective memory expression of the mutant il4 gfp allele can be rescued by IL-4 signaling, indicating that Stat6 can efficiently induce IL-4 expression directly and not only through upregulation of GATA-3.
Early and specific demethylation of the first intron of il4 is linked to memory for IL-4 expression in Th lymphocytes
Two lines of evidence had previously indicated that epigenetic modifications of genes coding for effector cytokines like IL-4 are essential for the establishment of a memory of Th cells to express these genes upon restimulation via the TcR in the absence of the original costimulatory signals. First, establishment of a cytokine memory for effector cytokines like IL-4, IL-10 and IFNduring the initial instructing activation of naïve Th cells can be blocked selectively by blocking DNA synthesis, but not by blocking later stages of cell cycling (22, 30, 31) . Second, control elements of cytokine genes are selectively demethylated and histone-acetylated in cells memorizing their expression (17, (24) (25) (26) (27) 38) . Blocking the demethylation of DNA and acetylation of proteins deregulates cytokine gene expression (22) . It also has been shown that genetic inactivation of the DNA methyltransferase Dnmt1 leads to spontaneous expression of IL-4 in CD4 and CD8 T cells (29) .
Specific demethylation of the first intron of the il4 gene in developing Th2 cells had been analyzed previously by Lee and colleagues (25) , estimating that about 5 -10% of the il4 alleles of 1 week Th2-polarized cells were demethylated at the SmaI/XmaI site +308 (25) . Here, we confirm and extend this observation, by showing that the CpGs at positions +101, +113 and +185 are demethylated in all but one of the 12 analyzed il4 alleles of 1 week polarized Th2 cells, when these cells had been isolated according to IL-4 expression. In 19 out of 20 il4 alleles from naïve Th or 1 week polarized Th1 cells, these CpGs were methylated. Th2-specific demethylation of the first intron of the il4 gene contrasts with the maintenance of methylation in the third intron of il4 in the same Th2 cells. The promoter of il4 in 1 week polarized Th2 cells is largely demethylated. In Th1 and naive Th cells, the promoter is not completely methylated, in line with the observation, that IL-4 expression is inducible in naïve and 1 week Th1 cells (9, 39, 40) . The early, specific and almost complete demethylation of CpGs +101 to +185 of the first intron of il4 in Th2 cells with a memory for IL-4, marks this region as a key candidate for a genetic control element linking epigenetic modification of the il4 gene to the rapid establishment of a memory for IL-4 expression in early Th2 cells.
It should be noted, that the present analysis makes it unlikely that demethylation is involved in the regulation of an apparent monoallelic expression of il4 (34, 41, 42) , since all alleles of IL-4-expressing cells show a uniform pattern of demethylation, although the cells were not selected for expression of one particular allele.
Demethylation of the first intron of il4 flanks an phylogenetically conserved GATA-3 binding site (CIRE)
The prime candidate for a regulatory region in the first il4 intron is the phylogenetically conserved sequence CIRE, i.e. positions +140 to +157 of the murine sequence, containing two binding sites for GATA transcription factors. The sequence itself does not contain any CpG, and flanking CpGs are not conserved positionally, making a direct interference of methylation with the binding of transcription factor complexes unlikely. We show here that GATA-3 binds in vivo to the CIRE of il4 in Th2 cells. Binding of GATA-3 to the CIRE correlates with reexpression of IL-4, as well as with DNA demethylation and histone H3 acetylation of the first intron of il4. Since it has been shown, that GATA-3 can induce IL-4 expression in Th1 cells (9, 40) and is required to maintain Th2 polarization (19) (20) (21) , demethylation/ acetylation of the first intron of il4 seems to be consequence of rather than prerequisite for GATA-3 binding. The resulting epigenetic modification and GATA-3 binding itself appear to be required for Stat6-independent, TcR induced transcription of the il4 gene, i.e. a memory for expression of IL-4.
The link between epigenetic modification of the il4 gene and GATA-3 is well established. Upon ectopic overexpression in Th cells, GATA-3 induces Th2-specific DNase I hypersensitive sites within the il4 gene locus, even in Stat6-deficient Th cells, and it induces the acetylation of il4 chromatin (9, 27) . GATA-3 promotes histone-acetylation and demethylation of the il4 gene by inhibiting the binding of MBD2 to methylated sequences of the second intron of the il4 gene and to CNS-1. In MBD2-deficient cells, GATA-3 is dispensable for induction of IL-4 expression (33) . DNA methyltransferase Dnmt1 is critical to maintain methylation of the il4 gene in the presence of MBD2, and absence of GATA-3 (29) . Conditional inactivation of gata3 in Th2 cells leads to histone deacetylation and DNA methylation of the il4 locus, suggesting that GATA-3 is necessary not only to induce, but also to maintain epigenetic modifications of the il4 locus (20) . The GATA-3 binding element CIRE in the first intron of the il4 gene is specifically and initially demethylated in developing Th2 cells and is critically involved in maintenance of IL-4 memory, at least in early memory Th2 cells, as is shown here. In "old", repeatedly restimulated memory Th2 cells demethylation of the il4 gene spreads further upand downstream of the gene (23, 25) . This spreading is independent of CIRE, since it is also observed for the il4 gfp allele (23) , and its functional relevance remains to be determined.
It remains unclear so far, which proteins are attracted to the il4 gene and its promoter by GATA-3. GATA-1, -2, -4, -5 and -6 interact with the co-activator p300/CREB-binding protein (CBP) (43) (44) (45) (46) (47) (48) . The association of p300 with GATA-3 has been shown indirectly (17, 49) . p300/CBP has histone acetyltransferase-activity and in addition can recruit other histone acetyltransferases (HATs) like p300/CBP associated factor (pCAF) (50) , steroid receptor coactivator-1 (SRC-1) (51) and p300/CBP cointegrator protein (P/CIP) (52) .
GATA-3 has only a limited capacity to activate the il4 promoter and does not bind to it directly (26, 53) . GATA-3 may rather catalyze the activation of il4 transcription by interacting with NFAT proteins bound to the il4 promoter (54) (55) (56) . So far, direct interaction of GATA-4, -5 and -6 with NFAT3 has been described (57) .
CIRE renders IL-4 reexpression independent of IL-4 signals
Targeted mutation of the first intron of the il4 gene, including CIRE, reduces memory expression of IL-4 by 60%, in terms of frequencies of IL-4-reexpressing cells, compared with reexpression obtained in the continued presence of exogenous IL-4, when 3 days or 1 week polarized Th2 cells were analyzed. These functional data demonstrate the dominant role of CIRE for the rapid establishment of an IL-4-independent memory for IL-4 expression in naïve Th lymphocytes. The genetic control elements responsible for the remaining 40% of IL-4 memory are so far elusive. Other regulatory elements, like the GATA-3 binding sites of the second intron of the il4 gene (15, 58) , CNS-1 (14) and DNase I hypersensitive site V A (16, 26 ) may redundantly, synergistically or alternatively control imprinting of the il4 gene for memory expression.
It remains to be elucidated, how the binding of GATA-3 to CIRE renders reexpression of IL-4 independent of IL-4 signaling. This effect is acting in cis, since in the present analysis expression of the il4 wt and il4 gfp alleles was compared within the same cells. The histone acetylation is significantly reduced in the il4 gfp allele, pointing to a role of CIRE in introducing epigenetic modifications after the primary stimulation and thereby imprinting the il4 gene for memory expression. The dependency on continued IL-4/Stat6 signaling for reexpression of the il4 gfp gene also demonstrates the relevance of the direct participation of Stat6 in the control of expression of the il4 gene, in addition to the Stat6-induced upregulation of GATA-3 expression. Binding of Stat6 to the promoter of il4, to the DNase I hypersensitive site V A and to the LCR of the Th2 cytokine gene cluster has been demonstrated, but the functional relevance of these binding sites remains elusive (26, 59) . Stat6 also binds and inactivates a negative control element downstream of the il4 gene (60) . In the absence of binding of GATA-3 to CIRE, i.e. for memory Th2 cells with an il4 gfp allele, Stat6 apparently can compensate for the lack of CIRE in catalyzing TcR signal-induced transcription of the il4 gfp gene. Stat6 can bind to p300/CBP, like GATA-factors, and this interaction is required for Stat6-mediated transcriptional activation (61) . It remains to be shown, whether the relevant binding sites of Stat6 for memory expression of the il4 gene are located in the il4 gene promoter or enhancer, or in the recently described RAD50-C region of the LCR of the il4 locus (59). Fig 3) bind to the labeled CIRE oligonucleotide. Antibodies specific for GATA-3 (HG3-31) and c-Maf (M-153) were used to define the binding proteins. The Th2 specific complex is supershifted by antibodies to GATA-3 (lane 5). A complex with similar mobility behavior binds to the GATA-binding site of the il5 promoter (lanes 7 -11). Fig. 5 : Binding of GATA-3 to the CIRE is dependent on the presence of both GATA-binding motifs in the same orientation and at a distance of 6 nucleotides. (A) The sequence of the CIRE was mutated as indicated and unlabeled mutant oligonucleotides were used to inhibit the binding of nuclear proteins of polarized Th2 cells to labeled CIRE at 100-fold excess. Mutants 1, 2, 4, 6 and 7 did not inhibit. A similar analysis was performed for the GATA-binding sites of the il5 promoter. (B) Analysis of mutants with 12 instead of 6 nucleotides separating the two GATA-binding sites (add6), and with the two GATA-binding sites in opposite direction at six nucleotides distance (inv). Both mutants could not completely inhibit the binding to the CIRE probe.
FIGURE LEGENDS
32 P-labeled probe marked by asterisk (*). DNA before immunoprecipitation (input) and the immunoprecipitates were amplified with primers for the il4 CIRE region and for the DNase I hypersensitive site V A , respectively. The amount of specifically precipitated DNA was quantified by real-time PCR. (B) Th cells were stimulated with PMA and ionomycin for 10 minutes. DNA/protein complexes were immunoprecipitated with -acetyl-H3 antibodies and protein A-agarose beads or with beads alone. Precipitated DNA was amplified by PCR with primers specific for the il4 CIRE, HS site V A and the ifn promoter. Input DNA and no antibody control precipitate were amplified with primers for the il4 CIRE. PCR was performed on undiluted and 1:10 diluted input or precipitate, respectively. Table I : Memory for IL-4 expression is impaired by the deletion of CIRE. CD4+ T cells from heterozygous il4 wt /il4 gfp B6;129 mice were polarized under Th2 conditions. On day 3 16.2 % of the cells expressed IL-4 and 9.94 % expressed GFP. After the cells were washed and recultured for 4 days in the presence of different amounts of recombinant IL-4 (100 U, 1,000 U, 10,000 U) or in the presence of IL-4 and/or IL-4R, the frequencies of IL-4 and GFP expressing cells was determined by FACS analysis.
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